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INTRODUCTION
The process of photosynthesis can conveniently be divided into
three major divisions for purposes of mechanistic analys±s.
1)

The primary photo-chemical act which is now generally
agreed to be the photolysis of water catalyzed by lightactivated chlorophyll.

This decomposition yields both a

reducing and an oxidizing component, denoted by[HJ and
. [oHJ respectively, the exact nature of either being unknown.

~)

The utilization of the reducing component [HJ through a partially known sequence to reduce co2 to the oxidation state
in which it appears in sugars.

3)

The breakdown of the oxidizing component ~HJ to form o 2
and water.

Of these three processes, most knowledge has been gained about
the second, the reduction of co2 •

The actual mechanism of co

2

fixation and

the final step of the reduction sequence are known, and the enzymes catalyzing these reactions have been isolated.

However, almost nothing is known

of the initial intermediates of the reduction sequence.

The most notable

advance in the study of this sequence was the discovery of the Hill reaction.

(1)

In this reaction, isolated chloroplasts utilize the light-gen-

erated reductive system to reduce suitable electron acceptors (metallic
ions or dyes) with the concomitant evolution of oxygen from the oxidizing
system.

1

2

Of the third or oxidative system little is known and not much
study has been devoted to this phase of photosynthesis.

Although many

photo-oxidations are known, the first example of photo-oxidation of physiological substances in vitro came as a result of certain abnormal conditions in the Hill reaction.

(2)

It has been shown that with no other

electron acceptor present, atmospheric oxygen was reduced to a peroxide
which could be utilized to oxidize ethanol in the presence of catalase.
This resulted in a net uptake of oxygen instead of evolution.

It also

was found that the addition of ascorbic acid accompanied by a suitable
coupling agent increased the oxygen uptake.

Subsequent studies of the

oxygen to product ratios showed that the ascorbic acid couple was probably reacting with the photosynthetic oxidative system derived from the
photolysis of water.

(3)

This photo-oxidation of ascorbic acid appeared to offer a means
of investigating the photosynthetic oxidative system by intervening with
an artificial electron donor and presents the possibility of developing
another method for following the progress of photo-chemical action.

It

was felt that if a spectrophotometric technique could be developed, it
would prove a great advantage over the less convenient manometric methods.

This investigation is an attempt to develop a reliable spectro-

photometric method for detection of the photosynthetic oxidative power
and of necessity includes a study of photo-oxidations catalyzed not only
by chloroplasts, but \ly other physiological substances as well.

LITERATURE REVIEW
Examples of light-chlorophyll sensitized reactions have been
known for some time.

These may be conveniently divided into in vitro

and in vivo reactions, of which the former have been more extensively
studied.

They are generally regarded as sensitized auto-oxidations, and

can be of three types, (A)
(B)

reversible, leading to unstable "moloxides".

half-reversible, leading to peroxide formation, and (C)

leading

~o

stable oxidation products.

Meyer (6)

(4)

irreversible,

(5)

has reported chlorophyll sensitized photo-oxidation

of oleic acid, citronellol and pulegone as indicated by the uptake of oxygen.

However, when tested with bromine and permanganate, the double

bonds were still intact, indicating a reaction of type
conditions pyruvic acid (6)
oxidation.
of type
(4)

(9)

and benzidine (7)

Under similar

were found to undergo true

Under certain conditions ergosterol seems to undergo oxidation

(c),

(8)

and with other conditions, type (B).

(6)

Graffron

studied the photochemical oxidation of allyl thiourea in acetone

using ethyl chlorophyllide as a sensitizer.
stu~y

(A~

This was the only quantitative

or'·oin vitro ,<)xidatfon .. made until recent times.

was determined in an effort to elucidate mechanism.

The quantum yield
Several mechanisms

have been advanced (10), but due to lack of experimental data, none is
generally acceptable.

However, in a recent series, Schenck (11) (12) (13)

(14) has advanced and given supporting evidence for a mechanism of pxidation
of terpenene.

Schenck believes the essential step of chlorophyll (or other

3

4
dyestuff) sensitization is the formation of a long lived chlorophyll diradical-oxygen complex as follows:
Chloro
Chloro
Chloro

rad
rad

+ o2

...

~

Chlororad

( diradical)

~

Chlororad •

.

Chloro

o 2 +A~

0

2

~

+ A02

A--;;..

• 02

A02

This mechanism has been favorably reviewed by Lumry, Spikes and Eyring

(15).

_Several other cases of in vitro oxidations have been reported, but

are allvery similar to those listed.
characteristics in common:

With one exception, all have two

first, they take place in or in the presence

of organic solvents, and second, they are all auto-oxidations, depending
on the presence of free oxygen.

The exception is the oxidation of phenyl-

hydrazine by methyl red in ethanol.

(16)

(17)

When photosynthesis in vivo is inhibited by certain means, oxygen
evolution halts and oxygen uptake commences.
is ta.king place.

Thus in vivo photo-oxidation

This can be achieved by narcotization, carbon dioxide

starvation, increase of oxygen concentration and increase of light intensity.

It is significant to note that some of these oxidations occur in

boiled leaves, thus ruling out any

(19)

(20)

Fromageot (18)

11

photo-respiration" effect.

J

(20)

(7)

found that in the presence of 50% glycerol

aquatic plants change from oxygen evolution to oxygen uptake.
(19)

(10)

Novack

(7)

used both carbon dioxide starvation and urethan poisoning to

obtain oxygen uptake.

Difficulty was encountered in utilizing the method

of carbon dioxide starvation due to the production of carbon dioxide by

I

5
the respiratory system of the leaves.
Franck and French

(22)

an alkaline solution.

Both van der Paauw (21)

and

obtained their results by suspending leaves over
When in vivo photo-oxidation is allowed to proceed

over a period of time, it eventually decreases, but before stopping, the
chlorophyll of the leaf is partially bleached and other vital constituents of cells are attacked.

Franck and French (22)

and Mevius

(23)

found that this action could be postponed by making glucose or other sugars available to the leaf.
In 1919 Warburg
sis by excess oxygen.

(24)

discovered the inhibition of photosynthe-

Franck and French (22)

were able to measure the

rates of photo-oxidation and photo-synthesis separately and found the decrease in oxygen evolution to be about ten times the amount of oxygen uptake due to photo-oxidation, thus the effect is an inhibition and not merely a superposition of photo-oxidation on photosynthesis.
ers reported inhibition due to high light intensity

Many early work-

(25) (26) (27) (28)

(29), which was shown to be very similar to oxygen inhibition.

(30) (31).

Workers have postulated that both types of inhibition are due to inactivity of one specific but unknown enzyme.

(22)

(30)

(31).

In all the in-

vestigations of in vivo photo-oxidations made prior to 1951, only one was
reported in which an external substrate was oxidized.
the oxidation products have never been identified.

In all other cases

Noack (7) (19) (20)

soaked leaves in aquas benzidine and then illuminated them for four hours.
A brown oxidation product of benzidine was deposited on the leaves, and
the chlorophyll was unchanged.

This reaction took place on boiled or

fresh leaves but not the colorless portions of variegated leaves, or on

6
leaves in which the chlorophyll had been converted to ccpper pheophytin
by copper sulfate treatment.
It may be well to mention a few reactions which are generally
considered to be photo-reductions, but which may also be viewed as photo-oxidations with oxidants other than oxygen.
(32)

Warburg and Negelein

found that nitrate reduction in ~gae was accelerated by light.

The results have been interpreted in two ways.

One possible mechanism

is the following:

with this reaction being superimposed on regular photosynthesis.
is the view held by Warburg.

This

The other mechanism:

.This would be "nitrate photosynthesis", with nitrate replacing
carbon dioxide in the photosynthetic process.

It has not been possible

to differentiate between these mechanisms, for the carbon dioxide produced in (1) could be utilized in normal photosynthesis producing 2 moles
of oxygen as in (2).

Inhibitor studies have been inconclusive.

(10)

Recently, however, Van Niel (44) has found evidence to support the latter
mechanism.
Also of interest is the interpretation of Noack (33) that the
occasional red coloration of leaves, occurring when photosynthesis is inhibited,

i~

due to the chlorophyll sensitized reduction of flavinoids to

anthocyanins.

He postulated that an oxidation-reduction system of flavins

7
was somehow related to photosynthesis.
Probably the best known oxidation-reduction reaction is that
discovered by Hill (l)

(34).

The reaction proceeds in the following man-

ner which is greatly simplified:

(3)

4 HOH

(4)

4

(5)

hv,>
chloro

~HJ

-::>

4[H]+2A

>

4 [HJ

o2 + 2
2 AH

t ~HJ
HOH

2

Equation (3) represents the photolysis of water catalyzed by
light activated chlorophyll, which is generally agreed to be the primary
photochemical act in photosynthesis.
substances.

The [HJ and @HJ represent unknown

Equation (4) denotes the dismutation of @HJ to water.by a

series of unknown reactions.

The progress of the entire process is gen-

erally followed by measurement of oxygen evolution.

Equation (5) repre-

sents the reduction of some suitable dye or metallic ion, designated as
A, which is called the Hill ·reagent.

Wessel and Havinga (35) (36) have

conducted an extensive investigation of the Hill reaction, and have shown
that a potential below 0.230 volts, in the presence of oxygen or 0.000
volts in its absence were unattainable.

Thus to serve as aHill reagent

a substance needs to have a potential above these values.

Diphosphopy-

ridine nucleotide, whose reduced form is required in the final step of
carbon dioxide reduction, has a potential far below these values and cannot be reduced in this system.

Hence it appears that the activities of

one or more components necessary for the reduction sequence in norm.al
photosynthesis have been destroyed in the preparation of chloroplasts.

8
A modification of the Hill reaction by Mehler (2) (37) was the
first example of a photosynthetic oxidation not describable as a chlorcphyll sensitized auto-oxidation in vitro.

It was subsequently shown that

no organic solvent was required for the reaction.
reagent, Mehler found that

a~er

Using quinone

~s

a Hill

quinone reduction was complete oxygen

was taken up if catalase and ethanol were present.

He postulated the fol-

lowing mechanism:
hv ·
>
chloro

(6)

4 HOH

( 7)

4 @HJ

(8)

4 [H]+2 02

(9)

2

c2H50H + 2H2o2

4 [HJ+ 4

~HJ

----?>

2

HOH+ 02

>

2

H202

-

catalase

2 CH CHO
3

+4

HOH

The first two reactions are seen to be those normally written for
the Hill reaction.

~

ving as a Hill reagent.
anol.

l

In reaction(8) oxygen is reduced py LHJ thereby serReaction (9) represents the peroxidation of eth-

The overall mechanism was later proved in its essential details

by Brown· and Good (38), by the use of oxygen isotopes.

They also found

that the reaction takes place whenever a Hill reagent is absent, and is
not dependent on the presence of the ethanol-catalase "trapping system".
Good and Hill (39) showed that the Mehler reaction depends on the presence
of an auto-oxidizable hydrogen transport system, presumably to function
in reaction ( 8).
inoid.

The naturally occurring system probably being a flav-

In many cases they noted a lag period in oxygen uptake which they

attributed to the necessity of the plant forming such a system.
Mehler (2) also found that when ascorbic acid was added to the

9
above reaction oxygen uptake was greatly increased, with the net oxidation of ascorbic acid.

This he attributed to a quinone coupled oxid-

ation by the ~HJ component of the system.

Vernon and Kam.en (3) offer-

ed evidence in support of this proposition by the determination of the
ratio of product to oxygen uptake.

However, they could find no evidence

of H o formation, concluding that if peroxides were formed, they were
2 2
more complex in nature. They also demonstrated that the stability of
chloroplast activity in regard to ascorbate oxidation was much greater
than that in regard to the_ Hill or Mehler reaction, even to withstanding
heating at 55°

c.

for fifteen minutes.

It was found that 2,6-dichloro-

phenolindophenol was a more effective coupling compound than quinone.
Wessel (40) also investigated this reaction and rejected the hypothesis
that oxidation was by the

~i!J component because many photosynthetic in-

hibitors do not inhibit the ascorbate oxidation, i.e., dicoumarol, 2,4dinitrophenol, phenylurethane, etc.

He postulated the following modific-

ation of the Schenck (11) (12) (13) (14) mechanism:
hv

rad

~

Chloro

~

Chlororad

~

Cbloro

DPIP +AH2

---7>

DPIPH2 +A

H202

~

H2o+-!o2

(10)

Chloro

(11)

Chlororad

(12)

Chlororad •• o
2

(13)
(14)

+ O2

+ DPIPH2

••

0

02

+ DPIP + H20 2

He was able to show a chlorophyll sensi tize•i auto-oxidation of'
ascorbate in the light i:ri alcoholic sol11tion, which he interpreted as

10
He also found H2o accumulating in the
2

evidence for the above mechanism.

system as evidenced by decolorization of permanganate and of starch, iodine, ferric ion solution.
Another photo-oxidation of considerable interest was the finding of Vernon and Kamen (41), (since it involves a physiologically important compound), that ferrocytochrome is photo-oxidized by a cell free extract of Bhodospirillum rubrum, a facultative photosynthetic heterotrope.
Of great interest are the reports of Nickerson and Merkel (42)
(43) indicating the possibility of riboflavin mediated light reactions in
photosynthesis.

They found that in the presence of metal chelating agents

riboflavin was reduced by light and that it could then pass its electrons
to various acceptors.

Andreae (45) has reported a riboflavin sensitized

photo-oxidation of Mn in the presence of catalase, catalytic amounts of
a hydrogen donor and pyrophosphate.
(15)

(17)

hv.,..,, Rbf*
.--

Rbf

(16) Rbf*

He postulated the following mechanism:

+ DH2

D +2Mn++

+

(18) RbfH2-+ o2
(19) H202
2Mn:+-++

2H+-

--...;:>

RbfH

---3>

DH2

PP

2

+D

+ 2Mn++-+I pyrophosphate

~-Rbf+H 2 o

~ H2o+w
catalase
2 2

onc +

2

2H + ----

Rbf* is an activated riboflavin and D is a hydrogen donor.

METHODS AND MATERIALS
Peroxidase, catalase, bovine serum albumen and ascorbic acid were
preparations obtained from Nutritional Biochemical Corp., Cleve-

commeric~

land, Ohio.

Horse heart cytochrome ~ and riboflavin mono-nucleotide (™N)*

.

were obtained from Sigma Chemical Co., St. Louis, Mo.

The dye, 2,6-dich-

lorophenol indophenol (DPIP)* was obtained from Eastman Organic Chemical
Co., Rochester, N. Y.
Chloroplasts were prepared from commercially obtained spinach by
the method of Spikes (46), except that the suspending solution was 0.025 M.
in phosphate buffer, pH 7.0, and 0.01 M. in KCl.

The chlorophyll content

ranged between 500 and 700 ug./m:l. as measured by the method of Arnon.
(47)

The chloroplast fragments were stored at -20°

c.

Chlorophyll~ and

b were obtained by a modification of the method of Zechmeister and Chol'
noky (48). To fresh washed spinach, sufficient absolute ethanol (-20° c.)
was added to make a final solution of 80% ethanol, assuming the water content of the spinach to be 90%.

The mixture was blended in a Waring blender

for ten minutes, and suspension filtered, and the crude chlorophyll solution extracted twice with Skellysol A (B.P. 118 to 128°

c.).

The two

extractions were pooled and washed several times with water to remove all
ethanol.

The solution was then dried over anhydrous sodium sulfite and

*The following abbreviations will be used throughout the remainder of this paper: 2,6-dicholorophenol indophenol, DPIP; Riboflavin mononucleotide, ™N; Optical density, OD; micro-moles, ;uM.
11
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transferred to a 50 mm. column prepared by packing commercial confectioner's sugar to a depth of approximately 30 cm. and soaking with Skellysol
A.

The column was developed with 20% diethyl ether in Skellysol. Xanth-

ophylls and cartoids were allowed to eluate .to: waste.
fractions were eluted with ethanol and dried in vacuum.

The chlorophyll _·
This process left

behind a certain amount of sugar carried over from the first eluate.
chlorophylls were stored at -20°

c.

After a few days at this temperature

more sugar was precipitated out of solution which was then decanted.
of 2 to

The

Yields

4 mg. were thus obtained at a concentration of about 1700 ug./ml.
~he

dye DPIP was not recrystallized.

One lot was found to con-

tain sparingly soluble particles and gave rise to colored by-products in
the leuco solution in a short time, which could not be reduced.

Another

lot was used which contained no such particles and could be stored in the
oxidized frozen state for as long as a week without the formation of any
irreductible color.

The dye was reduced immediately prior to its addit-

ion to the reaction mixture due to the rapid rate of auto-oxidation,

It

was reduced exactly by titration with ascorbic acid just to the disappearance of color.
Reaction mixtures contained a total volume of 3 ml.

In all cases,

photo-oxidation was determined by the difference in OD at 590 mµ., in the
case of DPIP, 551 mµ. in the case of cytochrome

£,

of a mixture exposed

to light compared to a similar mixture shielded by a wrapper of aluminum
foil but placed adjacent to the. first.
were negated.

In this way temperature effects

Some difficulty was encountered in terminating the reaction.

Immersion in boiling

wa~er

brought about a very rapid auto-oxidation of

13
all samples.

Treatment with acids decolorized the dye immediately.

The

method finally used consisted of immediate shielding with foil at the end
of the exposure time and plunging the shielded tubes into an ice

bath~

Ex-

cept at very low oxidation levels in the presence of chloroplasts, where
some fading or reduction took place, it was found that the optical density
remained quite stable for over an hour at this temperature.

All measure-

ments were made with a Beckman model DU spectrophotometer.
Illumination source was a 200 watt clear Mazda bulb, backed by
a reflector, at 20 cm., supplemented by two 40 watt fluorescent tubes
at about 35 cm.

A sheet of structural aluminum served as a reflector be-

hind the reaction tubes.

In the case of temperature studies both dark

and light reaction tubes were placed in glass beakers in which the desired
temperature was maintained by the addition of increments of either
100° C. water.

o0 or

The light intensity was between 800 and 1000 foot-candles.

The oxidation of cytochrome
those outlined above.

~

was studied by methods similar to

The reduction of cytochrome

addition of·l.l equivalents of ascorbic acid.

~

'

was effected by the

That this reduced the cytoch-

rome to near the equivalence point is attested to by the fact that, (1),
additi~n of Na2 s2 04 caused no f'urther reduction and (2),.almost immediate

commencement of oxidation was noted in the various reactions.

It was

found the reduced form could be stored in the frozen state for long periods of time.

The progress of oxidation was followed by measuring the

loss of optical density at 551 rap..
Tables 1 and 2 illustrate the reproductability of DPIP oxidation.
All tubes contained the following components:

0.1 ml. FMN, M/1000; 0.12 ml.

14
chloroplast suspension (721 µg. chloro./ml.; 0.2 ml. phosphate buffer M/10,
pH 7.0; 1.0 M/1000 reduced DPIP; 1.6 ml. water.
in optical density for light over dark.

Values are for difference

For Table 1 all components were

added to each tube separately, while for Table 2 they were all added together in a common vessel and then divided among the various tubes.

TABLE 1
REPRODUCIBILITY OF PHOTO-OXIDATION OF
2,6-DICHLOROPF..ENOL INDOPHENOL
COMPONENTS ADDED
SEPARATELY
Set
No.

Diff. Optical Density

5 min

16 min

1

o. 792

1.52

2

.720

1.40

3

.750

1.30

4

• 740

1.10

5

• 792

1.22
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TABLE 2

REPRODUCIBILITY OF PHOTO-OXIDATION OF
2,6-DICHLOROPHENOL INDOPHENOL
COMPONENTS MIXED
IN COMMON

Set
No.

Diff. Optical Density

5 min

16 min

1

0.748

1.25

2

• 765

1.25

3

.739

1.40

4

.759

1.40

5

• 750

1.40

EXPERIMENTAL
In the early part of this investigation an attempt was made to
duplicate as far as possible the conditions previously reported (2) (3)

(40).

The first systems contained chloroplasts,

DPIP, buffer and water.

FMN,

ethanol, reduced

Although a difference of optical density between

light and dark tubes was found, indicating a photo-oxidation, the amount.
of dark auto-oxidation of both tubes was so high as to cause the method
to be inaccurate.

Accordingly, a search was made for some method to cut

down the dark auto-oxidation.

It was found that KCN inhibited the light

and dark oxidations completely, but the fUrther addition of catalase
allowed the light reaction to proceed.

Also it was found that catalase

alone would decrease the dark oxidation.
in Table 3.

These results are summarized

The complete system contained the following components:

0.5 ml. chloroplasts (65 µg. chlorophyll/ml.); 0.1 µM FMN; 0.30 mg. catalase; 0.05 M ethanol; 10 µM P04 buffer (pH 7.0); 1 µM reduced DPIP;

3 µM KCN; and water to 3 ml.

C. S. indicates the complete system.

posure time was 2.5 minutes.

While KCN allows the reaction to proceed

in the presence of catalase and light there is some inhibition.

Ex-

Etha.~ol

is seen to have no effect on the reaction.
The effect of the level of catalase on the dark inhibition was
investigated and it was found to be effective at concentrations as low
as 0.02 mg./ml.
Wessel (41) has reported that the majority of the common inhib16
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TABLE 3
EFFECT OF CATALASE, KCN AND ETHANOL
{],

Conditions

c.s.

o.

D.

;_.. 0.180

minus cataJ.ase

.ooo

minus KCN

.412

minus cataJ.ase KCN

.400

minus ethanol

.190

itors of the Hill reaction do not inhibit the photo-oxidation of the DPIP
ascorbic acid system.

From this he reasoned that the oxidation was not

involved with the normal photosynthetic system.

As the optical method,

here employed, is much more sensitive than the manometric methods commonly used, it was thought advisable to re-examine many of these, as well
as several other physiologically important compounds.
summarized in Table

The results are

4. The basic system was as given for Table 3 except

that KCN and cataJ.ase were omitted and the tested compounds added as indicated.

Added proteins were in final concentration of 0.30 mg./ml.

final concentrations of other substances were 0.001 M.
Wessel are essentially confirmed.

The

The findings of

It is to be noted that hydroxyl amine

appeared to cause a complete inhibition, however Wessel (50) has shown
that this is due to the decolorization of DPIP.

The proteins albumen,

gelatin and casein were found, in addition, to inhibit the dark auto-oxidation of the system.

Of the three, albumen was by far the most efficient
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TABLE

4

INHIBITION OF PHOTO-OXIDATION
Amount of Inhibition

Substance

slight
slight
slight
none
none
none
none
none
none
none.
none
reaction·with
reaction with
none
none
none
reaction with
reaction with
reaction with

Albumen
Casein
Gelatin
Lipase
Urease
Pepsin
Trypsin
Protamine
Glycylglycine
Gum Arabic
Versene
Azide
Hydroxyl amine
p-chloro-mercuric-benzoate
2,4-dinitrophenol
Thyrnnl

Fe+++
Fe++

cu++

50%

Mg-1-~

dye
dye

dye
dye
dye

. none
complete
complete
reaction with dye

Mn+:~

Ba+·+

Alt-ff'

Hg+'+

Sn+"!'.

70%

in this respect, behaving similarly to catalase except for its inability
to overcome KCN inhibition in light.
This unusual property of catalase provoked further study along
these.lines.

It was thought perhaps the catalase was functioning as a

peroxidase to catalyze the oxidation of the dye by peroxides.
of tubes with varying levels of peroxidase

w13,s

A series

prepared containing c.bloro-

plasts, FMN, KCN, ethanol and buffer in the same concentrations as for
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Table 3.

Results are given in Table 5.

Exposure time was 4 minutes.

TABLE 5

EFFECT OF PEROXIDASE IN OVERCOMING.KCN INHIBITION
Peroxidase level
mg/ml

O. D.

.170

o.410

.090

o.410

.020

0.060

.010

0.055

.• 002

0.046

Thus the effective level seems to be about 100 ug,/ml.

A sinii-

lar experiment was performed using catalase, and it required about two
times as much catalase on a weight basis, to overcome the cyanide inhibition.

On a molar basis, however, the catalase was about twice as effec-

tive.
Figure 1 shows the 'dependence of the reaction on pH.
used were:

The buffers

pH 4.0-5.5, acetate; pH 6.5-8.0 phosphate; pH 8.0-10.4, both

2-a.mino-3-methyl-1,3-propane-diol and borate.
cases was 1.5 x 10-~.

Final concentration in all

Exposure time was 4 minutes.

apparent at· all values above 4.5.

.

Photo-oxidation was

For fUrther investigation the pH was

maintained at 7.0 to keep the dark oxidation at a low value.
Reduced mammalian cytochrome
be photo-oxidized in the system.

~.could

be substituted for DPIP and

Figures 2 and 3 show the effect of
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0-light exposed, dotted line - borate buffer, others as in. text.
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temperature on DPIP and cytochrome

£

photo-oxidation, respectively.

tubes contained the following components:

All

0.5 ml. chloroplasts (700 µg.

chloro/ml.) 0.1 µM FMN; 3 ,uM KCN; 0.05 M ethanol;lO µM Po4 buffer (pH 7.0);

0.3 mg. peroxidase; 1 µM DPIP; or 2.25 mg. cytochrome c and water to 3 ml.
The OD of both the light and dark tubes are plotted.
10 minutes.

Exposure time was

It should be pointed out that one is the inverse of the other,

since the optical density of cytochrome £ at 551 decreased upon oxidation.
It is obvious that

~he

course of the oxidation runs parallel in both cases,

with the
rate of auto-oxidation increasing at higher temperatures.
'·;

One

aberral,l:t f'E§ature of these oxidations is their nonenzyniatic nature, i. e.,
the rate of photo-oxidation does not drop off rapidly at lower
tures as might,

~e

tempera~

expected, and accordingly the possibility that some other

component might be responsibie for the reaction was investigated.

The

buffered dye alone showed some degree of photo-oxidation, however it was
of an order lower

tha.n~~hat

obtained in the complete system.

The conclu-

sions reached by Wessel. (40) , , that tlie photo-oxidation of the ascorbic
'

'

acid-DPIP couple was mediated by pure chlorophyll
both chlorophylls
tivity.

~

Chlorophyll

and
~

£ in

the system.

~

led to the trial of

Chlorophyll E_ showed slight

ac~

showed none.

The effect of FMN on the photo-oxidation was studied by

prepar~

ing two tubes containing ch;t.orophyll E_ in place of chloroplasts, with
FMN deleted from one tube, otherwise all components were as listed for
Figure 2.

Exposure time was

6 minutes.

Results are given in Table

The table indicates that FMN alone could catalyze

al~

6.

the reac-

tions previousl:y- described·, and the addition of chlorqphyll or chloroplasts

.600 ~

Figure 2. - Effect of Temperature on Photo-oxidation of DPIP,
•- dark controls, o-light exposed
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Figure 3. - Effect of Temperature on Photo-oxidation of Cytochrome
•-dark controls, o-light exposed
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TABLE 6
EFFECT OF FMN ON PHOTO-OXIDATION
Deletions

fJ OD

none

o. 425

FMN

0.005

Chloro. b

o.445

had no appreciable effect.

Manometric studies of the same type of system,

however, showed an uptake of oxygen in the presence of chloroplasts, but
in the absence of FMN, although the uptake was stimulated by adding FMN.
(50)

It was thought perhaps the inactivity of chloroplasts in the

p~es

ent investigation was due to the lack of excess ascorbic acid to keep the
dye completely reduced.

Accordingly, an amount of excess ascorbate was

added equivalent to that needed to reduce the dye.
are as listed earlier.

All other components

The tubes were exposed to light for l4 minutes

and then titrated with the oxidized dye.

Thus if no oxidation occurred

each tube would require l ml. of dye for the reappearance of color.
sults are given in Table

Re-

7. Exposure time was lO minutes.

Table 7 would seem to indicate that the level of ascorbic acid
. has no effect and the discrepancy still exists.
Figure 4 indicates the effect of FMN concentration on DPIP photooxidation.

Components were as follows.:

3 pM KCN; lO pM P04 buffer (pH

7.0); 0.3 mg peroxidas; l µM DPIP; FMN as indicated and water to 3 ml.
Exposure time was 7 minutes.

The optimum concentration is 1 x

io- 4 M.
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TABLE 7
EFFECT OF CHLOROPLASTS AND FMN ON

PHOTO-OXIDATION IN PRESENCE OF
EXCESSIVE ASCORBATE

ml. dye required for
reappearance of color

Conditions

Light

dark

diff.

Chloroplasts only

0.7

0.7

o.o

Chloroplasts and FMN

o.o

0.7

0.7

Chlorophyll

0.1

0.7

o.6

~

only

The rapid drop of effectiveness at higher concentrations is probably due
to the well known self-quenching property of flavins.
Figures 5, 6, 7, 8, 9, show the effect of chloroplasts, chlorophyll

~

and :FMN on the various systems studied.

In all cases the concen-

tration of the reduced DPIP was 0.33 )JM/ml.; buffer, 0.01 Mola~ and water
to 3 ml.

The amounts of added sensitizers in all cases was 0.33 _µM per

ml. of final volume.

All results are plotted as the difference between

the dark and light tubes.
Figure 5 indicates the effect of these sensitizers on the buffered
dye only.

It may be pointed out that the addition of chlorophyll has no

apparent effect over that of the dye alone•· Chloroplasts seem to slow
the initial rate of photo-oxidation, but the reaction eventually approaches the level of FMN sensitized reaction.

This could be explained by aasum.-

ing the presence of small a.mounts of residual catalase and FMN in the chloroplasts with the catalase in excess of the FMN.

In view of the relative

.700

.600

.500

0

0

.40

<J

.300

.200

.100

-2

-5

-3

log FMN cone.

Figure 4. - Effect of FMN Concentration on Photo-oxidation of DPIP
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solubilities of these two components this assumption does not seem unwarranted.

The fact that the dye by itself undergoes some photo-auto-oxid-

ation is not unusual since many such dyes have been shown to behave similarly.

In these tests, it was impossible to prevent a slight temper-

ature differential between the dark and light tubes.

Tests of individual

exposures where the temperature differential was kept to a minimum, indicated a lower order of photo-oxidation than indicated here.
The effect of catalase upon the photo-oxidation is shown in Figure 6.

The final concentration, in all cases was 0.25 )lM per ml., except

for the series containing no sensitizer.
was about twice as high.
ure 5.

In this case the catalase level

All other concentrations were as shown in Fig-

The sparing effect of catalase is evident.

A factor not showing

on the curve is the loss of ability of the catalase to prevent dark oxidation at the same time photo-oxidation of the non-FMN-containing series
commences.

Thus it is infered that whatever is the mechanism of cata-

lase inhibition, this f'unction is slowly destroyed in both the dark and
light reactions.

This rise in auto-oxidation also occurs in the FMN con-

taining series at the same time as the other series, thus indicating that
the destruction is independent of the photo-oxidation taking place.

It

was found that partially denatured catalase gave correspon,lingly shorter
periods of dark oxidation inhibition.

By this action and the fact that

other proteins behave similarly it is indicated that the inhibition is
due to the protein nature of catalase.
Figure 7 represents the same reactions as for Figure 5 with the
additions of KCN, final concentration 1 mM/ml. and peroxidase, final con,.
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Figure 6. - Photo-oxidation of DPIP by Various Sensitizers in the Presence of Catalase.
o - FMN, @ - Choroplasts, CJ ~chlorophyll _£,
"'7" No Sensitizer
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centration 1.5 pM/ml.
the tiine.;studied.

The dark inhibition of KCN was maintained within

The necessity of peroxidase for photo-oxidation in the

presence of FMN and KCN is shown in Figure 8.

In this case the compon-

ents were as in Figure 7 except that peroxidase was omitted.
oxidation in the presence of FMN was evident

a~er

no loss of dark oxidation inhibition was evident.

Some photo-

30 minutes, however,
Thus it appears that

KCN functions in one manner when it inhibits photo-oxidation and in another when inhibiting dark oxidation.

Figure 9 indicates the specificity

of peroxidase in overcoming KCN light inhibition.

Albumen in equal con-

centration was substituted for peroxidase in the presence of FMN.

In the

absence of KCN, albumen acts much as catalase except that the-ability to
inhibit the dark reaction is lost slowly instead of suddenly after a period of time.

In the presence of KCN the photo-oxidation follows the same

course as in the absence of peroxidase.
Figures 10, 11, 12, plot the reactions identical with those of
Figures

5, 6, 7, respectively, except that in the former the oxidation

of mammalian cytochrome ~ in a final concentration of 5 x lo-5 is measured instead of DPIP.
quite similar.

The photo-oxidation of cytochrome c and DPIP are

A great difference, not reflected in the curves, was the

fact that neither catalase nor KCN were effective in the inhibition of
dark auto-oxidation,
of cytochrome
ing

th~

~

alt~ough

they seem to inhibit the low photo-oxidation

alone in the absence of sensitizers as seen from compar-

curves of Figure 10 with those of Figures 11 and 12.
Figure 13 shows the lack of influence of KCN in the FMN sensi-

tized photo-oxidation of cytochrome c.

Catalase seems to inhibit the
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the reaction slightly.

Both series contained KCN but no peroxidase, and

are in direct opposition to those involving DPIP.

The significance of

more oxidation in dark tubes than in light, which is apparent from the
negative values reported from many cases of cytochrome oxidation, is unexplained.
Wessel has reported the chlorophyll
of the DPIP-ascorbic acid couple in ethanol.
able in the aqueous medium utilized here.

~

sensitized photo-oxidation

No such reaction was discern-

In consequence, it was thought

advisable to examine the effect of alcohol concentration on this system.
The results given in Figure 14 show that photo-oxidation does indeed take
place at higher ethanol concentration, rapidly decreasing with ethanol
concentration.
chlorophyll~;

The components of these were reduced DPIP, 1 µM; 200 '}lg
10 µM buffer; except in the case of 100% ethanol; and water

and/or ethanol to 3 ml.
Since manometric techniques at lower light intensities gave somewhat different results than reported here (50), a study of the effect of
light intensity on the photo-oxidation of DPIP sensitized by FMN was made.
Concentrations are the same as used in Figures 5 and 6.

Very little photo-

oxidation takes place at lower intensities, as shown in Figure 15.
In an atteI11pt to determine the mode of KCN inhibition, the effect
of varying concentration was studied.

The components were the same as

given for Figure 7 except for KCN which was present in the levels indicated.

The results are given in Table 8.

stoichometric.

The effect is seen to be non-
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TABLE 8
EFFECT OF KCN CONCENTRATION ON
THE PHOTO-OXIDATION OF DPIP
EXPOSURE TIME 10 MIN.
KCN level

OD

0.003 M.

0.660

0.001 M.

0;265

0.0001 M.

1.06

DISCUSSION
As was stated earlier, this investigation was undertaken to study
the mechanism of photochemical oxidations as put forth by Mehler (2) and
Vernon and Kamen

(3);

namely, that the oxidation of ascorbate by isolated

chloroplasts is effected by the ~HJ component produced by the photolysis of water.

This is assumed to take place simultaneously with the

Mehler reaction, in which oxygen is reduced to the level of a peroxide·
by the

phot~chemical

[HJ •

No evidence to support this mechanism of ascorbate ox'idation was
found in this investigation.

In the systems here described it appeared

that· chloroplasts isolated by the methods described were incapable of catalyzing the oxidation of ascorbate.
The photo-catalytic function of FMN in the systems studied is apparent, and this raises the question of the extent to which earlier reported photo-oxidations may be interpreted as due to flavin mediated reactions.
Certainly the mechanism for the oxidation of ethanol postulated by Mehler
has been well substantiated by Brown and Good

(38). The case of ascorb-

ate oxidation in the same system is, however, not so secure.
points argue against the oxidation by

Several

~HJ component. One is the finding

of Vernon and Ka.men of the exceptional heat stability of chloroplasts in
regard to their ability to oxidize ascorbic acid.

While preparations cap-

able of mediating either the Hill or Mehler reaction are quite sensitive
to heat and a variety of other conditions, they retain the ability to

40
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catalyze ascorbate oxidation even after treatment at 55° for 10 minutes.
Secondly, the finding of Wessel (40) that most of the inhibitors of the
Hill reaction are ineffective in ascorbic acid oxidation, which was also found to'be the case in the systems studied here, would imply that all
these inhibitors act on the oxygen evolving system of the photosynthetic
apparatus.

In view of the different nature of many of these inhibitors,

this would seem rather questionable.

The problem hinges on the probabil-

ity of flavins being present in these earlier works mentioned, as well
as several other photo-oxidations recently reported as mediated by chloroplasts.

As Good and Hill have shown, the dependence of the Mehler re-

action on the presence of a soluble heat stable factor, probably flavin,
would implicate flavins whenever the ascorbate oxidation is a corollary
of ethanol oxidation.

When leaf homogenates are used it is also reason-

able to ·assume the presence of flavins owing to their ubiquitous nature.
Uncertainty enters in the evaluation of other systems, since methods of
preparation vary widely.

It might be justly assumed that the presence

of flavin is dependent on a combination of the amount of disintegration
and the amount of subsequent washing.

Greater rupture of the material

and/or repeated washing would increase the probability of flavin free
preparations.

It is well known that chloroplasts require rather gentle

treatment.in order to maintain their Hill reaction activity.

The general

procedure consists of about 1 or 2 minutes of' grinding and little washing.
In this connection, it is interesting to note that Wessel (49) has found .
that, although excessive washing renders chloroplast preparations inactive
in the Hill reaction, in many cases, activity is restored

cy

re-combining
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with the washing liquid.

The chloroplasts used in this study were left

in a Waring blender for 10 minutes and washed at least twice and in some
cases, five times.
Both Vernon and Kamen (3) and Wessel (40) have found somewhat
constant aldehyde to dehydroascorbic acid ratios when ascorbic acid is
oxidized as a corollary to the Mehler reaction.

Further, this ratio is

not affected by the level of excess ascorbic acid present.

This would

seem to argue against the FMN sensitized, independent, photo-oxidation
of ascorbic acid in these systems.

However, such a mechanism need not

be discarded if a certain limiting level of FMN is assumed to be present.

Since flavins are known to be required for the transfer of elec-

trons from the [HJ sequence to the oxygen in these systems (39) it might
be assumed that a constant ratio exists between the availability of the
flavin for the electron transfer reaction and its availability for light
activation and hence for ascorbic acid photo-oxidation.
It might be postulated that because the order of the photooxidat ion in these experiments was lower than that of manometric studies,
equivalent to 0.02 to 0.2 uM of oxygen as compared to 1 to 5 uM in manometric studies, the reactions measured here were of a different nature.
However, it must be borne in mind that the dye was exactly reduced with
ascorbate.

Therefore, the beginning potential was that of the equivalence

potential of the couple, whereas in the manometric studies reported, an
excess of ascorbic acid was used so that the potential was essentially
that of ascorbate for the larger part of the time.

Thus, in the present

instance, the reaction has a shorter range to transverse before the equiv-

c
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alence point between the oxygen and the system is reached.
The supposition of Wessel (41) that the photo-oxidation of ascorbic acid is due to a chlorophyll sensitized reaction according to
the mechanism of Schenck (14) does not appear valid in view of the data
presented.

For as seen, the photo-oxidation drops off rapidly with eth-

anol concentration and none was found in aqueous medium.
may be debated that because this drop

r~ughly

Of course, it

parallels the solubility

phase curve of chlorophyll, the chlorophyll is actually being precipitated from the reaction.

This was not discernible by any simple means.

Fur-

ther, it does not seem probable, even if such were the case, that chlorophyll would sensitize the reaction when bolllld in the relatively large insoluble chloroplast if it refused to do so in a finely divided colloidal
state.
The place of flavins in natural photosynthesis presents a considerable problem.

No direct evidence has been reported implicating them.

However, they have been largely ignored lllltil recently.

As stated ear-

lier, at least two cases of riboflavin mediated photo-reactions have been
reported recently.

(43)

was a photo-reduction.

(45)

It may be significant that one of these

The reactivation of the Hill reaction activity

by the wash liquid would seem to hint at a FMN function in photosynthesis,
as would also the ability of the system to form oxidation-reduction couples with such physiological substances as cytochrome £ and Manganese.
It is interesting to speculate as to its possible role in the well known
in vivo high light intensity inhibition of photosynthesis with simultaneous photo-oxidation.

A study of the light intensity curve of the FMN

4~

sensitized DPIP photo-oxidation shows that oxidation is still continuing
to rise at a point considerably above light intensities for which photo-

(As low as 1000 foot candles.)

synthetic inhibition has been reported.
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It might: be..further spe~uli:i:ted 'that' perhaps hi@i l:ight intensity reverses
some normal function of flavins in photosynthesis.
The effects of catalase, KCN and peroxidase on the system are
rather difficult to explain.

The inhibition of dark oxidation by cata-

lase is probably due to its properties as a high molecular weight protein
since others evidence this property to a lesser degree.

Their function

would most likely be the combining with trace amounts of metal which catalyze auto-oxidation.
be due to denaturation.

Their loss of inhibitory ability with time, could
However, the sudden loss of this ability by cat-

alase after a certain time is difficult to reconcile with this scheme.
The lack ·of effect on the cytochrome photo-oxidation would tend to support the metal absorption mechanism, however, since metals are not known
to catalyze the auto-oxidation of this substa.nceo

KCN would, of course,

. also be expected to act by the complexing of metals, but in view of the
non-stoichometric effect of KCN concentration it would appear that some
other factor is involved.• It may be pertinent to note that Merkel and
Nickerson (43) found the presence of a metal. chelating agent necessary
for the photo-reduction by riboflavin and postulated a riboflavin metal.
chelate complex as the necessary criterion for photo-reduction.
The necessity of peroxidase or catalase to permit the photo-oxidation in the presence of KCN is difficult to explain, expecially in view
of the normal poisoning effect of KCN on these enzymes.

As was shown,

the effectiveLconcentration of cataJ.ase was about half that of peroxidase
on a molar basis.

This is not surprising in view of the four prosthetic

.gr.cups of. cataJ.ase to the one of. peroxidase.
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From the data available,

no satisfactory explanation can be advanced for this effect.

SUMMARY

A study was undertaken of the previously reported photo-oxidation
of the DPIP-ascorbic acid couple mediated by chloroplasts.

Temperature

and pH dependence were reported as well as the effect of many inhibitors
and physiological substances.
It was found that in the system as here constituted, in which
there was no excess ascorbic

ac~d,

all oxidation could be ascribed to the

light activated sensitization of FMN.

Neither chloroplasts nor chlorophyll

gave rise to any appreciable photo-oxidation alone, nor did they noticeably effect the FMN photo-oxidation.
The ability of KCN, catalase and a few other high molecular weight
'

proteins to inhibit dark auto-oxidation is reported and discussed.
It was found catalase or peroxidase were necessary to allow the
photo-oxidation to proceed in the presence of KCN and the levels

re~uir-

ed determined.
FMN was also found to effect the photo-oxidation of mammalian
cytochrome

£,

however no effect of catalase, peroxidase or KCN was appar-

ent in this case.
The chlorophyll sensitized photo-oxidation of ascorbic acid which
occurs in ethanol is shown to be of no pertinence to the more normal aqueous reactions.
The effect of light inten.sity on the reaction was investigated

46

47
and it was found that photo-oxidation increased with the intensity even
at high intensities.
The possible importance of flavins in other~reported photo-oxidations, light inhibition of photosynthesis and in photosynthesis in general are discussed.

)
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ABSTRACT
A study of the photo-oxidation of the;2,6-dichlorophenol indophenol-ascorbic couple was undertaken with a view to investigating the
postulated mechanism of oxidation by a component of the oxygen evolving
sequence operative in photosynthesis.
A spectrophotometric method for the measurement of the progress
of photo-oxidation was developed.
Temperature and pH dependence were determined and the effect of
various connn.on inhibitors and physiological substances tested.

None of

the common Hill reaction inhibitors were effective in the ascorbic acid
photo-oxidation in the system used.
KCN and catalase as well as a few other high molecular weight
proteins were able to inhibit dark auto-oxidation of DPIP, presumably
through the absorption or complexing of metal ions.

The presence of cat-

alase or peroxidase at levels of 5 x lo-7 and 1 x io-6 Molar respectively
was necessary for photo-oxidation of DPIP when KCN was added to the system in a concentration of 1 x lo-3 Molar. Many of the effects of catalase,
peroxidase and KCN are unexplained.
It was found that riboflavin mono-nucleotide sensitization accounted for all the photo-oxidation observed in the system used.
optimum concentration was 1 x 10-4 M.

The

Neither chlorophyll nor chloroplasts

had any effect on the reaction.
It was also found that FMN could sensitize the photo-oxidation
1

2

of mammalian cytochrome .£ Catalase, peroxidase and KCN were without
effect in this reaction.
The effect of ethanol concentration on the chlorophyll !:
sensitized photo-oxidation of DPIP and it was shown that this reaction
probably does 'not .take place in an aqueous medium as photo-oxidation decreases rapidly with ethanol concentration.

.

The effect of light intensity on the FMN sensitized photo-oxidation of DPIP was studied and found to exhibit no inhibitory effect at
levels as high as 1600 foot-candles. ·The possible implication of FMN
in light inhibited photo-synthesis was noted.
The possible implication of FMN in previously reported photooxidations was discussed as well as its possible role in photo-synthesis.

